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We show that when a solid plasma foil with a density gradient on the front surface is irradiated by an intense laser pulse at a grazing angle ∼ 10
• , a relativistic electron vortex is excited in the near-critical-density layer after the laser pulse depletion. Due to the asymmetry introduced by nonuniform background density, the vortex drifts at a constant velocity, typically 0.2 -0.3 times the speed of the light. The strong magnetic field inside the vortex leads to significant charge separation; in the corresponding electric field initially stationary protons can be captured and accelerated to twice the velocity of the vortex (100-200 MeV). A representative scenario-with laser intensity at 10 21 W/cm 2 -is discussed, in which a quasi-monoenergetic proton beam is obtained with a mean energy 140 MeV and an energy spread of ∼ 10%. We derive an analytical estimate for the vortex velocity in terms of laser and plasma parameters, demonstrating that the maximum proton energy can be controlled by the incidence angle of the laser and the plasma density gradient. Acceleration of protons by intense lasers has attracted extensive interest due to the potential significance in several branches of science, technology and medicine [1, 2] . The most experimentally robust mechanism for laserdriven proton acceleration is that of target normal sheath acceleration (TNSA) [3] [4] [5] , where protons are accelerated by the electrostatic field arising due to the expansion of laser-heated electrons. It usually leads to a broad proton energy spectrum due to lack of control of the heating process [6] , and the maximum achieved proton energy of around 85 MeV [7] , is still not sufficiently high for many of the foreseen applications; e.g. hadron therapy requires 100 -200 MeV mono-energetic proton beams [8] . In most other proposed schemes, such as collisionless shock acceleration [9, 10] , hole-boring [11] , and radiation pressure acceleration (RPA) [12] [13] [14] [15] , the acceleration usually involves a slow-moving acceleration structure (i.e. such that protons can keep up with it) that is driven by the piston action of the laser radiation pressure. The protons then stay in phase with this structure and get energized over a longer period of time, which typically leads to higher cutoff energies. However, the acceleration is strongly limited by the instabilities on the interface where the light pressure is balanced by the plasma fields [16] [17] [18] .
In this letter, we describe a new proton acceleration mechanism that overcomes the above mentioned shortcomings. The approach relies on a laser-induced relativistic electron vortex (EV) in a near-critical density (NCD) plasma with a transverse density gradient [see Fig. 1(a) ]. These EVs with unipolar magnetic structure share similarities with a particular class of stable solutions to the electron magnetohydrodynamic equations [19] [20] [21] [22] [23] . They are not susceptible to the instabilities arising at the laserplasma interface, as they form after the laser depletion. Previous particle-in-cell (PIC) simulations have shown such vortices in connection with a high intensity laser propagating through an underdense plasma [24, 25] , but their potential for proton acceleration was not considered. In this work, we show that with a high-intensity laser at grazing incidence on a solid plasma foil, a strong relativistic EV can be excited in a NCD plasma layer after the laser depletion. The EV serves as a stable slowmoving structure in which protons can be captured and gain considerable kinetic energy from the charge separation field associated with the EV. Similarly to collisionless shock acceleration, protons initially at rest can be reflected to twice the EV drift velocity [2] , and a narrow energy spectrum can be obtained within a small opening angle. Figure 1 shows the simulation setup, the EV formation and proton acceleration. A linearly (p-)polarized highintensity laser beam, with normalised amplitude a 0 = 30 and a focal spot of w 0 = 3λ 0 , is incident at a grazing angle of 10
• on a plasma foil. Here a 0 = eE 0 /m e cω 0 , E 0 , ω 0 , and λ 0 = 1µm are the peak electric field, frequency, and wavelength of the laser pulse, while c, e and m e denote the speed of light in vacuum, the elementary charge and electron mass, respectively. The FWHM duration of the main laser pulse is 5.4T 0 = 18 fs, where T 0 is the laser period. The heating by the laser prepulse leads to the expansion of the plasma (not considered in the PIC simulation), which creates a NCD layer. The simulation is initialized with a density decreasing exponentially in the transverse (y) direction as n e (y) = 100n c exp[−(y − y t )/σ], where n c = m e ω 2 0 /4πe 2 is the critical density, y t = −16.9λ 0 is the target position, and σ = 3λ 0 is the scale length. In this work we only consider the case where the plasma scale length is comparable to the laser spot size (w 0 ). It should be noted that when σ w 0 , a magnetic dipole vortex [26, 27] is formed instead of an EV; while when σ w 0 , most of the laser energy is reflected, and in this case the EV is too weak to accelerate protons. The main laser pulse is incident at y = 0 from the left of the simulation box, where the plasma density is n 0 = 0.4n c . The two-dimensional (2D) PIC simulations are performed with EPOCH [28] . The simulation window x × y = 200λ 0 × 20λ 0 is sampled by 4000 × 400 cells with 10 macro electrons and 20 macro protons in each cell. The proton density is n p (y) = n e (y)/55 and one immobile heavy ions species is used to ensure quasineutrality in the beginning (as discussed in the Supplemental Material, the effect of dynamical background heavy ions is not critical to the proposed scheme). Absorbing boundary conditions are used for both the fields and the particles. Figure 1 (b-c) shows the evolution of the electric current density (j x ) and magnetic field (B z ) during the interaction. The first column (t = 50T 0 ) shows the laser channeling in the NCD plasma, and the associated strong currents inside the channel due to laser-plasma interaction. In the NCD plasma, the laser effectively transfers all its energy to plasma electrons within a distance of a few tens of microns. In the second column (t = 100T 0 ), the laser energy is completely depleted and the electron dynamics is dominated by self-generated fields. The electrons gyrate in the self-generated magnetic fields, forming a stable vortex structure. The two columns on the right (t = 150T 0 and 200T 0 ) show that the EV continues to propagate along x with a drift velocity ∼ 0.28c. In the meantime, the background protons are accelerated in the x-direction by the EV as shown in the proton phase space plot in Fig. 1(d) .
The acceleration of protons is due to the charge separation caused by the magnetic pressure in the EV. As shown by Fig. 2(a-b) , the electron density inside the EV is lower than the ambient value at the same transverse position. A high-density layer forms on the lower boundary of the EV, which is the return current layer. The electrostatic fields E x and E y induced by the charge separation are presented in Fig. 2(c-d) .
As the EV drifts, the initially-stationary protons are accelerated in the leading half of the structure. The protons that gain enough energy can keep up with the EV (they are captured), otherwise they lose their energy due to the decelerating field in the second half of the EV. The captured protons can be continuously accelerated until they overrun the vortex with approximately twice its drift velocity. The peak accelerating field E x is around 10 TV/m, it is proportional to the magnetic field in the EV, as observed from several PIC simulations.
The transverse electric field E y is defocusing, therefore only a fraction of the captured protons can achieve the theoretically maximum energy gain, others are scattered out of acceleration phase before they can do so. This makes the energy distribution depend strongly on the pitch-angle as indicated by Fig. 2(e) , where the slope of the dots shows the pitch-angle θ p = P y /P x of the corresponding protons. The energy spread of the accelerated protons can then be adjusted by selecting different pitchangles (e.g. with a collimator): at large θ p a wide spectrum is obtained with a sudden cut-off, while protons at low θ p exhibit a quasi-monoenergetic feature.
Figure 2(f) shows the energy spectrum of the protons within a 10
• opening angle in the forward direction. The proton beam has a mean energy ∼140 MeV and an energy spread around 10%. The total proton charge in this quasi-monoenergetic beam is estimated to be 1.2 pC (assuming the extent of the system in the third dimension comparable with the laser spot size 3 λ 0 ). The phase space (x -P x ) of these protons is plotted in the inset of Fig. 2(f) .
In order to obtain a deeper insight into the electron dynamics, we track 2000 electrons throughout the simulation. These electrons are chosen to be located inside the EV at t = 150T 0 , with half of them in the forwardgoing current distributed throughout the stucture (hereafter laser-driven current) and the other half in the return current. Their positions at t = 150T 0 and t = 400T 0 are represented by blue and red circles in Fig. 3(a) , respectively. Most of the electrons in the laser-driven current stay within the EV, but the electrons in the return current are lost when they reach the end of the EV. This can also be seen from the representative orbits shown in Fig. 3(a) by the black curve. The individual electron drifts in the self-generated electric and magnetic fields, where the drift velocity can be obtained by the sum of the E × B drift and grad-B drift.
where γ e is the relativistic factor of electrons. By assuming γ e = γ a ≡ 1 + a 2 0 /2 in the laser-driven currents [1] and γ e ∼ 1.4 in the relatively cold plasma return currents, the prediction of Eq. (1) matches the PIC simulation data as shown by Fig. 3(b) . (We note that, due the sharp density variation in the return current layer, the diamagnetic electron flow is also non-negligible for y < −5λ 0 , but it can be ignored for the following discussion.) Moreover, it can be seen that the E×B drift is the dominating term in Eq. (1), the grad-B drift only becomes important in the upper boundary of the EV, where the gyro-radii of electrons are not negligible compared to the variation scale of magnetic fields.
Since the laser-driven electrons propagate with the EV [see Fig. 3(a) and Supplemental Movie], their average guiding center drift velocity must equal the EV propagation speed. Due to the approximate anti-symmetry of E x , shown in Fig. 2 , the transverse drifts must average to zero and the EV moves in a direction consistent with B × ∇n, as found in the case of weakly inhomogeneous plasmas [22, 23] . In the following, we analyze the laser-induced EV in the NCD plasma, with an emphasis on the drift velocity of the EV and its dependence on laser-plasma parameters. The drift, as noted above, plays a crucial role in determining whether the proton can be captured and dictates the maximum energy gain.
We model the EV as two oppositely-traveling electron streams: the electrons going backwards are in a thin layer with high-density, and the ones going forward are in a larger region but with significantly lower density, as shown in Fig. 4(a) . To simplify the calculation, the transverse coordinate y is set to be zero at the bottom of the EV, the interface between the two oppositelytravelling currents is at y = y 1 and the upper boundary of the EV is at y = y 2 (where the gyro-radii of the electrons become comparable to the size of EV). As the proton density is negligible, the transverse positive charge density is Zen i1 exp [−(y − y 1 )/σ], where Z is the charge number and n i1 is the immobile ion density at y = y 1 . Since the diamagnetic contribution to the current does not play a major role, for simplicity, the electron and ion densities are taken to be uniform in the return current layer: n e = n e1 and n i = n i1 . Furthermore, we assume the shape of EV to be elongated in the x direction (which is increasingly well satisfied for high a 0 ), effectively reducing the problem to one dimension (∂/∂x ∂/∂y). The relevant electric and magnetic fields at y 1 are E y = E 1 , B z = B 1 , and E 2 , B 2 at y 2 , respectively, where |B 2 | |B 1 | and |E 2 | |E 1 |. The electric and magnetic fields satisfy Maxwell's equations ∂E y /∂y = 4πe(Zn i − n e ) and ∂B z /∂y = −4πj x /c ≈ −4πen e v dx /c. Integrating these two equations in the region of laser-driven currents (between y 1 and y 2 ) gives an estimate for the drift velocity of the EV
where
is the ion areal density inside the EV. Thus, the drift velocity of an EV depends on N i as well as the electric and magnetic fields at y 1 . The first term in the bracket on the right hand side of Eq. (2) can be obtained by integrating Maxwell's equations in the return current layer (note that the E × B drift is the dominating term in this region, as illustrated in Fig. 3(b) , so that v d can be estimated by cE y /B z ), which gives E 1 /B 1 = − 1 − Zn i1 /n e1 . From this it follows that |E 1 /B 1 | varies over a range of ∼ 0.1, that is typically an order of magnitude smaller than the variation of the second term in Eq. (2). As a representative value, we assume Zn i1 ≈ n e1 /2, yielding E 1 /B 1 ≈ −0.7 (see Supplemental Material).
An estimate of the second term in Eq. (2) relies on the fact that the amplitude of B 1 in the EV approximately equals the magnetic field in the laser created channel [see Fig. (1) ]. Consider the case where all the electrons in the channel move forward with velocity ∼ c, and the bottom of the channel is at the position y = y 1 . Then B 1 ≈ 4πeZn i1 σ[1 − exp(−R ch /σ)], where R ch = λ 0 γ a n c /4π 2 n m is the characteristic radius of the laser driven channel [29, 30] , and n m is the local plasma density coresponding to the maximum laser penetration depth in the NCD plasma.
From Snell's law, we obtain η sin α = η 0 sin α 0 , where η ≈ 1 − n e /(2γ a ) is the refractive index of the plasma [1] , and α is the angle between the laser propagation direction and y axis, with the initial values η 0 ≈ 1 − n 0 /(2γ a ) and α 0 = π/2 − θ 0 , respectively. Thus, by setting α = π/2, the plasma density corresponding to the maximum penetration of the laser is obtained as n m /n c = 2γ a − (2γ a − n 0 /n c ) cos θ 0 .
For large EVs (N i ≈ Zn i1 σ), the drift velocity in terms of laser-plasma parameters can then be approximated as
The most important prediction of Eq. (3) is that the drift velocity, and so the maximum proton energy, does not depend crucially on the laser intensity, because typically the plasma density at the incident point n 0 /n c a 0 . Therefore, controlling the laser incident angle and the plasma density gradient is an effective way to adjust the proton energy. As shown by Fig. 4(b-d) , U d depends strongly on the laser incident angle and plasma scale length, and weakly on the laser intensity (the scaling flattens further as n 0 decreases). In all cases the simulation data agree well with Eq. (3) .
In this work, we consider the acceleration of selfinjected protons. The maximum proton speed obtained in the PIC simulations are overlaid on the plot in Fig. 4(bd) with black squares, and they are about twice the corresponding drift velocity. Unlike most other proton acceleration mechanisms, which require high laser intensity to reach high ion energies, the scheme proposed here provides accessible degrees of freedom to control the acceleration process, allowing accelerating protons to hundreds of MeV with a narrow energy spread. According to Fig. 4 the laser parameters required to produce a 100-200 MeV monoenergetic proton beam via self-injection are 10 21 W/cm 2 intensity, 300 TW power, and 6 J energy. These parameters are within reach of the existing laser facilities.
The points in Fig. 4 (b-d) without a proton velocity plotted means that under those parameters the protons, initially at rest, cannot be captured. In this case one could either increase the laser a 0 to ensure self-injection (without reducing the maximum acceleration energy) or use external injection (e.g. with TNSA). A comprehensive study of the proton injection is out of the scope of the present work.
In conclusion, we have shown that when a laser pulse grazingly irradiates a NCD plasma layer with transverse density gradient, the resulting intense electric currents form a propagating electron vortex after the laser depletion. As demonstrated by PIC simulations, the magnetic pressure in the vortex leads to a significant reduction in the electron density, creating an electric field by charge separation which can accelerate background protons up to twice the EV drift velocity, with a narrow energy spread. The drift velocity of the EV, and so the energy of the proton beam, can be effectively tuned by the incident angle of the laser and the density gradient of the plasma, and we have captured the dependence by an analytic model. Such dependence is quite unlike existing schemes, which must rely on progressively higher intensity lasers to reach higher beam energy. Finally we note that optimisation of the proton injection into the EV structure is a promising direction for further investigation.
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